Objective: To describe the central retinal findings early in the course of Bothnia dystrophy caused by the homozygous missense R234W sequence variation in the RLBP1 gene.
A
RELATIVELY LARGE NUMber of patients with autosomal recessive retinitis pigmentosa, denoted Bothnia dystrophy (BD), have been identified in northern Sweden. The disorder has been associated with a missense sequence variation, R234W, in the RLBP1 gene (OMIM #607475) affecting the cellular retinaldehyde-binding protein. 1, 2 The BD phenotype is characterized by early severe night blindness, prolonged dark adaptation (5-12 hours), and late recovery (Յ24 hours) of the retinal responses in full-field electroretinography. 3 The BD phenotype is not only affected by the biochemical turnover of rhodopsin in the visual cycle, but progressive central retinal degenerative disease is also present. Maculopathy and central fundus changes with retinitis punctata albescens (RPA) are found in the second decade of life, with a decline in visual acuity (VA) leading to legal blindness in early adulthood in most patients with BD. 4 Visual impairment in patients with BD affects their ability to perform various vision-specific functions of everyday life, and the decline in VA has been found to be the strongest predictor of self-reported assessment of total visual function in patients with BD. 5 To pursue the understanding of the important early pathological features and function of the central retina, psychophysical measurements were obtained and central retinal imaging with optical coherence tomography (OCT) was performed to noninvasively determine the morphological features of the central retina and RPA findings in young patients with RLBP1-BD disease.
METHODS

PATIENTS
We included 8 young patients (aged 9-34 years) homozygous for the R234W sequence variation in the RLBP1 gene. All individuals included in our study underwent testing for the presence of the R234W sequence variation. 4, 5 Author Affiliations: Departments of Clinical Sciences and Ophthalmology (Dr Burstedt) and Medical Biosciences and Medical and Clinical Genetics (Dr Golovleva), University of Umeå, Umeå, Sweden. All 8 patients have been described in previous reports of the genotype and/or phenotype by our group. 1, [3] [4] [5] [6] The studies have been approved by the Ethics Committee of Umeå University. Informed consent was obtained from all subjects, and the study followed the tenets of the Declaration of Helsinki.
CLINICAL EXAMINATION
All patients with BD underwent a complete ophthalmological examination performed by one of us (M.S.I.B.).
Psychophysical Methods
Monocular VA of each eye was tested using the Early Treatment Diabetic Retinopathy Study (ETDRS) chart at a distance of 4 or 2 m. Monocular, low-contrast VA was tested using Sloan letter logarithmic translucent contrast charts (2.5% or 10% saturation) at a distance of 4 or 2 m. Lighting conditions were standardized using an ETDRS chart illuminator cabinet (No. 2425; Precision Vision, La Salle, Illinois).
Visual fields (VFs) underwent monocular Humphrey Swedish interactive thresholding algorithm (SITA) standard 24-2 VF testing (Zeiss Humphrey Systems, Dublin, California), initiated by the foveal threshold value measurement (in decibels) according to the manufacturer's instructions. The degree of the foveal threshold depression and the average elevation of depression of the overall field or loss in 1 part of the field (in mean deviations) was analyzed using the manufacturer's software. The degree of significance outside the population was noted. The Goldmann perimeter (Haag-Streit, Berne, Switzerland) VFs were measured by an experienced assistant using the V-4-e, II-4-e, I-4-e, and I-3-e targets.
Morphological Methods
The retinal thickness and structure were measured using OCT (Stratus OCT, model 3000; Carl Zeiss Meditec AG, Jena, Germany) after pupillary dilation in both eyes. According to the macular thickness map scan protocol, 6 consecutive macular scans of 6 mm in length, centered in the fovea (at equally spaced angular orientations) and including the fovea and adjacent perifoveal region (approximately 20°), were obtained. During each scan, the examiner (M.S.I.B.) confirmed that the image of the macula and fovea was centered with respect to the spot's image on the fundus monitor. The central foveal thickness was defined as the mean thickness at the point of intersection of the radial scans. The foveal thickness was defined as the average thickness in the central 1000-µm diameter (ring diameter [Ø], 1 mm). 7 The cross-sectional images were analyzed using retinal thickness analysis report software (version 4.0.1; Carl Zeiss Meditec, Dublin, California). This software uses an edge technique to locate the strongest 2 edges, which identified the vitreoretinal interface and retinal pigment epithelium (RPE)-choriocapillaris as regions of high reflectance in each tomogram. The software has been designed to quantify retinal thickness as the separation of these boundaries at fixation (the intersection of the radial lines) and as the average value of 9 different areas, including the central area (Ø, 1 mm). Total macular volume was calculated. To confirm the centered foveal minimum, a 2-dimensional pseudocolor map of retinal thickness was used. Data on each patient with BD were gathered from 3 consecutive scans of each eye, and agematched normal control subjects (n=10) underwent testing for comparison. We calculated the mean (SD) value of the central foveal thickness in the 9 areas and the total macular thickness of each eye and compared the data with control data.
To examine the presence of the third high-reflectance band (HRB) in tomograms from normal eyes and eyes with BD, the normalize-align image process was used. In addition to scans crossing the anatomic fovea, a 5-mm vertical line was placed and adjusted by one of us (M.S.I.B.) over the temporal area of the macula traversing the retina visualized during the examination. We then compared the fundus monitor images and vertical OCT images.
RESULTS
CLINICAL FINDINGS
Low distant VA was found in 4 of the 8 patients with BD (Table) . All participants had poor results when they underwent testing with low-contrast VA charts (2.5% saturation), and 2 women (patients 6 and 8, aged 25 and 34 years, respectively) were unable to see any letters on the low-contrast VA charts used (2.5% and 10% saturation).
With Humphrey SITA standard 24-2 visual field testing of the foveal threshold, significant foveal depression (defined as PϽ .01) was found in 7 of the 14 eyes undergoing testing. The mean deviation of the Humphrey SITA standard 24-2 VF testing showed significant loss (PϽ .005) in all 14 eyes examined, indicating an overall depression and/or significant loss of parts of the VF in BD (Table) . Representative grayscale results of Humphrey SITA standard 24-2 VF testing are shown in Figure 1 (patients 1, 3, and 7, aged 9, 17, and 30 years, respectively). In the youngest patient, the VF testing revealed a depressed sensitivity pattern in the upper VF of both eyes ( Figure 1A ). More advanced sensitivity depression in the VF was found centrally in the 2 older female patients, and a pattern of spared areas in the lower part of the VF was noted ( Figure 1B and C) .
Goldmann perimetry was found to be unaffected in patient 1, who was the youngest (9 years old). Relative parafoveal scotoma and/or ring scotoma was found in the teenaged patients, and large, deep to absolute scotomata were found centrally in both eyes in patient 8, who was the oldest (34 years old).
RETINAL THICKNESS
The mean central foveal thickness was 124 (10) µm, the mean foveal thickness (Ø, 1 mm) was 136 (9) µm, and the mean total macular volume was 6.1 (0.4) mm 3 in the examined patients with BD. The corresponding figures for the control group were 176 (23) µm, 214 (25) µm, and 7.0 (0.1) mm 3 , respectively. Macular thickness measurements for each region in the patients with BD and age-matched normal controls are shown in Figure 2 . The data from the normal controls were found to be well in accordance with those of previous studies. [8] [9] [10] In the patients with BD, measurements of central foveal thickness, foveal thickness (Ø, 1 mm), and the inner ring of the retina (Ø, 3 mm) showed subnormal thickness at all ages. In the outer ring (Ø, 6 mm), generalized thinning was seen predominantly in the inferior regions of the OCT measurement, and a trend toward more preserved areas of retinal thickness of the superior and nasal regions was found in the examined patients with BD compared with normal controls. In all cases studied, the total macular volumes were low compared with those of the controls. Similar retinal thickness results were found in both eyes. We found thinning of the central foveal thickness across all ages of the young patients with BD examined. Although there was some variance between individuals, no obvious age trend was detected in the younger patients, but more notable thinning was found in the foveal area (Ø, 1 mm), the inner (Ø, 3 mm) and outer (Ø, 6 mm) ring areas, and the total macular volume of the oldest participant (patient 8, aged 34 years) compared with the younger patients with BD who were examined in this study.
REPRESENTATIVE OCT IMAGES
Cross-sectional OCT images and corresponding retinal thickness maps in a 30-year-old control and in 3 patients with BD are given in Figure 3 . In the control subject, the low-reflectance outer nuclear layer (ONL) peaks in thickness in the center beneath the foveal depression, and the ONL is visible to the periphery of the image. A third HRB is distinguishable just above the thicker high-reflectance RPE-choriocapillaris complex with a slight convexity in the center, possibly reflecting longer cone outer seg- ments in this region. 11 The tomogram from the youngest patient with BD shows foveal thinning but still has a visible low-reflectance ONL throughout the image ( Figure 3B ). The third HRB is partially visible, with a slight convexity in the center of the fovea in the 2 younger patients with BD ( Figure 3B and C) . The tomogram of the older patient with BD ( Figure 3D) shows thinning of the retinal layers in the center and periphery, with a partially absent lowreflectance ONL; no visible third HRB was found. In the examined patients with BD, no macular edema or cystic changes in any of the retinal layers were found.
VA, CENTRAL RETINAL THICKNESS, AND THIRD HRB
We compared VA with the central foveal thickness (15 eyes) and the foveal thickness (Ø, 1 mm) (16 eyes). The third HRB was evaluated and plotted. In 2 of the16 eyes examined, the third HRB was absent, whereas 9 eyes had a partially distinct band and 5 eyes had an intact band.
The results are illustrated in 
MORPHOLOGICAL FINDINGS OF RPA
Retinitis punctata albescens was found in 11 of the 16 eyes examined. Signs of RPA were seen predominantly in the macula area and adjacent to the arcades, varying from single to multiple generalized white lesions scattered over the posterior pole of the retina. Figure 5A and B shows a binocular color fundus photograph of the 23-year-old man with multiple generalized RPA lesions (patient 5). The vertical line represents the scan traversing the retina at the temporal area of the macula between the arcades. In Figure 5C and D, 30-year-old patient 7 had a pseudo-macular hole appearance and more sparely scattered RPA changes centrally and outside, adjacent to the arcades. Corresponding color images and grayscale OCT images of the right and left eyes visualizing the RPA changes in the retina are shown. These homogeneous, rounded, and highly reflective retinal changes could be seen adjacent to and in the high-reflectance RPEchoriocapillaris complex, present in the color and gray- scale OCT images. Findings of thinning or compression in the ONL overlaying the RPA lesions were noted, and the RPE was found without obvious disruption, elevation, or detachment adjacent to the RPA lesions.
COMMENT
In retinitis pigmentosa of RLBP1-BD type, early visual impairment, measured using distant VA, was found. In all the younger case patients, an overall severe effect consisting of low-contrast VA and central VF loss was found. Generalized thinning of the central foveal, foveal, and inner (Ø, 3 mm) pericentral areas of the macula, reproducible in VFs, was present early in BD. Previous studies of retinal degenerative disease of more typical forms of retinitis pigmentosa have shown central retinal thinning and retinal thickening when measured by OCT. 10 In BD, the outer macula area (Ø, 6 mm) showed thinning of the inferior part of the retina early in the course of the disorder, with more preserved areas of retinal thick- ness, predominantly of the superior part, in the youngest patients. In studies of Leber congenital amaurosis with sequence variations of the RPE65 gene, another retinal degenerative disease affecting the visual cycle, Jacobson and coworkers 12 described prominent photoreceptor loss in the foveal and extrafoveal retina, even in the youngest patients studied (aged 6-17 years), with relative preservation localized in the superior-temporal and temporalpericentral retina and the ONL.
In BD, the cross-sectional morphological features visualized by OCT showed general thinning of the cell layers and a reduced ONL. In this comparatively small group of patients, a trend of foveal thinning and a less distinct third HRB were associated with more affected VA results.
In addition, the third HRB found in the younger patients was less distinct in the younger adults. This band possibly represents the outer segment length of photoreceptors, predominantly the cones in the fovea. 10, 11 This finding indicates an effect on the cone photoreceptors and a possible degeneration of the outer segments of cones early in the course of BD. A previous study of a single young patient with a compound heterozygous (R103W/ R234W) sequence variation in the RLBP1 gene also reported decreased retinal thickness and degenerative signs in the outer retinal layer. 13 A typical clinical expression of the BD phenotype is night blindness, which is severely affected dark adaptometry and absence of recordable scotopic response in full-field electroretinography with standard dark adaptation time (ie, a primarily rod photoreceptor disease). However, a significant capacity for recovery of rod photoreceptor function with extremely prolonged dark adaptation (24 hours) has been reported, in contrast to cone photoreceptor response that shows disturbed irreversible function and starts at a relatively young age in BD. 3 The regeneration of rod function can be explained by continuous but slow regeneration of rod photopigments occurring for at least 24 hours, and tightened retinoid binding properties of the mutant cellular retinaldehydebinding protein may be involved in BD. 14 The foveal thinning found in this study, suggesting early degeneration of cone photoreceptors in BD, may be explained by the cones also incorporating 11-cis retinoids derived from the rod and cone visual cycles in their visual pigments and by the fact that Müller cellular retinaldehyde-binding protein, possibly affected in BD, participates in the cone visual cycle in vertebrate phototransduction. 15 In a study examining the visual cycle in the RPE65 and lecithin retinol acyltransferase knockout animal models, a key role for cell survival was found to be 11-cis-retinal bound to cone opsins, which are important for retinal protein sorting, transport, and targeting. 16 Subtle white lesions of the fundus, or RPA, have previously been found in several RLBP1 sequence variations, 13, [17] [18] [19] [20] [21] and other progressive degenerative diseases, such as rhodopsin-related retinitis pigmentosa, have also been reported with such signs. 22 This study shows that RPA lesions are often found on the posterior pole of young patients with BD and associated RLBP1 sequence variation; however, not all young patients with BD have these lesions. The homogeneous, rounded, and highly reflective changes were seen adjacent to and within the highreflectance RPE-choriocapillaris complex. The localization and appearance of the RPA lesions resemble more commonly known retinal lesions such as drusen in agerelated macular degeneration. This pathological process is known to be initiated by lipid peroxidase in the Bruch membrane or RPE lysosomes, causing RPE cell death. 23, 24 However, the RPA lesions in the young patients with BD showed no obvious elevation, disruption, or detachment of RPE, and the central lesions were restricted in size without the confluence often found in age-related macular degeneration. Another known finding in age-related macular degeneration is that the accumulation of material between the retina and choriocapillaris interferes with the exchange of nutrients and products close to the drusen, inducing RPE or neural retinal damage with overlaying photoreceptor cell layer thinning, predominantly affecting the photoreceptor outer segment. [25] [26] [27] We found similar thinning or compression of the ONL overlaying the RPA lesions in this study, the cause of which could be the accumulation of products in the RPE because of higher affinity and impaired 11-cisretinal release in the visual cycle in the BD phenotype. 14, 28, 29 To conclude, in RLBP1-BD disease, thinning of the central foveal and foveal area of the macula is found in childhood, with generalized thinning of the cell layers and low macular volume increasing with age. Central thinning of the ONL and possibly of the cone photoreceptors may already be irreversible in the early course of the disease. In the study reported herein, changes to the posterior pole in the BD phenotype that we visualized with OCT were found to be homogeneous, highly reflective, rounded lesions and were located adjacent to or in the highreflectance RPE-choriocapillaris complex. Sign Up for Alerts-It's Free! Archives of Ophthalmology offers the ability to automatically receive the table of contents of Archives via e-mail when it is published online. This also allows you to link to individual articles and view the abstract. It makes keeping up-to-date even easier! Go to http://pubs.ama-assn.org/misc/alerts.dtl to sign up for this free service.
